With over 500 high-powered lasers being used in activities ranging from production optical damage testing/repair to nuclear weapon simulation, and laser fusion research, the National Ignition Facility (NIF) and Photon Science Directorate is one of the largest per capita users of lasers in the world. Throughout the various research and NIF support labs, laser safety presents many typical and not so typical challenges. Within the confines of the football stadium-sized, 192-beam, 1.8 Mega Joule NIF, the challenges are far more complex, cross many disciplines and require much higher levels of control.
Introduction
Most laser operations usually can be described as being "contained in a box." This means that, in the most simplistic terms, there is a Laser Safety Officer (LSO), a laser operator, a laser, and four walls to contain the hazard. The LSO is trained and certified to make decisions relating to the safe operation of the laser(s), including decisions as to what type of controls (Engineered/Administrative) should be used and ensuring that the laser operator implements them.
The laser operator understands the operating capabilities and hazards of the laser(s). They have full control over their operating space and are responsible to relay any critical information to the workers and to ensure that the workers fully understand the disseminated material. Finally, the operations are performed within the confines of a single room or area, where the hazard can easily be mitigated and controlled. Even if more than one type of laser is used within that laboratory, access is controlled in a manner to ensure workers remain aware of the potential hazard(s).
This method of laser safety is true for a majority of the laser operations within the NIF and Photon Science (NIF&PS) Directorate. One that breaks from this normal structure is the NIF.
Beside the NIF's main function of directing and focussing 192 beams to the target chamber, there are many ancillary and support systems using highpowered lasers within the facility.
With beam transport systems that can travel the length of the building, there are several unique hazards present which are not normally found with the "in the box" approach. Some of these include:
• Laser hazards originating in one location being transported to other areas.
• Workers performing non-laser related work gaining access to potential laser hazards.
• Lasers used for an intended function mistakenly illuminating an unsuspecting area.
The following will present some of the laser safety methods employed within the NIF&PS Directorate and those used at the NIF itself.
Mercury Laser Laboratory
Where the NIF is capable of firing a single shot of its 192 beams every few hours, the Mercury laser is a single beam system that is designed to fire rapidly over extended periods of time. The Mercury laser is capable of firing 50 joules per pulse at a repetition rate of 10 Hz.
The NIF requires a cool-down time between shots so that the thousands of optics can operate correctly. These optical components are cooled via ambient air. Mercury uses a high velocity stream of helium gas across its optics to keep them cool. It also uses diode arrays as the pump (excitation) source which creates about one-third as much heat as the NIF's flash-lamp based system.
Mercury is a typical "in the box" laser laboratory that employs many engineering and administrative controls to ensure a safe worker environment. All changes and modifications made to this space have, first and foremost, taken into account worker safety -a testament to how a highly trained staff can operate lasers in a cutting-edge research and development environment while seamlessly integrating a first class safety system.
To gain access to the laboratory, one must enter into the general work area through a coded-badge access. This area contains no laser hazard, but does contain the low-powered seed lasers which are fiber delivered to the laser lab. Within this space is a portal entryway into the Mercury laboratory. It serves as a location to don/doff clean-room clothing and laser protective eyewear. Access into the Mercury laboratory is regulated via a computer controlled interlock access panel which will not allow entry unless the worker's safety training requirements are current and they are authorized by the work superviser. The panel is also connected such that it displays the hazard present from the individual operating lasers. -23) . It uses the Mercury laser to pump ti:sapphire in an attempt to achieve 1023 W/cm 2 , which would be the worlds highest peak power laser operating at 10Hz. The laser beam is transferred over the ceiling into the laboratory via a vacuum transport telescope. The interlock system is set up so that if either of the labs have an unauthorized access attempt, the permissive will be dropped shutting down the Mercury Laser diodes with a subsequent trip of a 100J shutter to the E-23 laboratory.
Plans are already in place to expand the E-23 laboratory into an adjacent space to perform target experiments. This new proposal required additional coordination with the LSO to ensure worker safety.
One difficult hurdle with the E-23 laboratory was that of laser protective eyewear. There are several different wavelengths being used at very high energy levels. The LSO worked closely with the Responsible Individual (work supervisor) of the laboratory to enclose or cover those beams that were difficult for eyewear coverage, either because of output power or wavelength.
In the end, adequate eyewear was procured that provided both the required optical density for the accessible wavelengths, and good visual transmittance thus promoting worker safety.
The long term goal of Mercury and E-23 is to design a laser capable of the rapid ignition of targets for electrical power generation.
Solid State Heat Capacity Laser Laboratory
The Solid State Heat Capacity Laser is a high average power diode pumped system originally designed for military use. It presents a unique challenge in laser safety as the beam not only can cause biological damage to the skin and eyes, but it will burn through metal with ease. The laser has been tested at a maximum of 67 kW for 0.5 seconds and 25 kW for 10 seconds.
The system is contained within two rooms. One room contains banks of lithium ion batteries which are used to power the laser diodes and the other room contains the laser. Access to the laboratory is controlled by an interlocked door through a portal entry. The portal is separated from the room by a laser protective curtain. Laser protective eyewear is kept in this area.
This laser system itself is very simplified with two cavity mirrors, a steering mirror and a focusing optic.
Solid State Heat Capacity Laser Target
The laser is designed so that the primary beam is directed away from the main entrance of the room and away from the laser operator station. The laser is interlocked to the entrance door and has emergency shutdown buttons located on the wall and at the operator's station.
Strict administrative controls are used during laser operation. There are video cameras used to view the laser operation for visitors. These cameras are fed to monitors located in a room across the hallway. Authorized personnel are required to remain at the operator station located behind a curtain at the rear of the laser. The laser shot time is defined by the operator's choice of a predetermined number of pulses. The laser operates at 2,000 Hz and the maximum operating time is 10 seconds or 20,000 pulses.
Because of the energy of this laser and its open beam configuration, a Failure Modes and Effects Analysis (FMEA) was requested and performed for the laser beam. From this, appropriate mitigating mechanisms were implemented to ensure safe operation of this potentially hazardous operation from both the worker and equipment perspective.
Any changes to authorized work require review by the LSO and any affected disciplines. It should be noted that with this and all other laser systems described herein, extensive training is required initially and on a recurring basis for a worker to be qualified to operate any high-powered laser within the Directorate.
Optical Mitigation Facility
The Optical Mitigation Facility (OMF) is a new laboratory being designed and built for the purpose of inspecting and repairing damaged optical components from the NIF. This is integral to the operation of the NIF. The ground-up design allowed input from subject matter experts, including laser safety, to ensure the laboratory will meet all safety requirements.
Three different lasers will be used in operations. They are:
• 808nm fiber-coupled diode for optic inspection.
• 351nm tripled Nd:YLF laser for optic repair.
• 10,600nm CO2 laser for optic repair.
There is an additional test lab being located on a mezzanine level above the main facility space. Due to requirements of clean room operation, the floor is perforated for air flow. This presents a laser safety issue, as there is line of sight to the first level through the floor. This will be mitigated by solid panels being affixed to the areas where a laser beam may be transmitted to the level below (see drawing below).
Because this space is planned to be a production-like facility, the ability for people to function without having to wear darkened laser protective eyewear (LPE) was critical. Both the 351nm and the 10,600nm wavelengths are easily blocked by clear polycarbonate laser eyewear. The 808nm requires a separate dyedlens. Because of this, the 808nm laser was designed with engineering controls to function only when the fiber ends are connected to the optic carrier device with an optic in place. The interlocked design ensures that this laser is operated as a Class 1 System. Entrance into the facility is controlled via coded badge access. This entry point allows access by custodial and non-laser staff into the space to perform their duties. There are four repair stations located inside, each with badge access and interlock controlled doors. Each room is enclosed with clear polycarbonate barrier material serving as full view windows into the rooms. This material has been tested and approved for laser Construction of a repair station in the OMF Design Drawing of Test Lab protective use from the 351nm and 10,600nm wavelengths as well as for fire protection.
Each of the four repair stations has their own laser safety interlock/access panel and is outfitted with a 15-second bypass control. Should an unauthorized access be attempted, the room's lasers would shut down.
National Ignition Facility
The National Ignition Facility is a stadium-sized complex in which you could lay three football fields side-by-side. It will fire 192 laser beams at 351nm to target chamber center with the energy of 1.8MJ.
The NIF&PS Directorate utilizes the Integrated Safety Management System (ISMS) approach for all work performed. The five principles of ISMS are:
• Define Scope of Work • Analyze Hazards • Develop/Implement Controls • Perform Work • Feedback and Improve These five principles are vital to the safe and effective implementation of work. No one function is any more or less important than another. Through the "feedback and improve" principle, new projects have greatly benefited from even the most minor lessons learned and brought forward.
Beyond the functions of ISMS, NIF&PS employees also live by "the Goal of ZERO." This is a culture that has been fostered and promoted emphasizing that all accidents are preventable. Top management all the way down to the lowest level worker have made this their way of doing business. Safety is first and foremost in all work conducted within the Directorate and every worker has the ability and authority to stop work if they feel it is unsafe.
The principles of ISMS are vital in all operations that are performed at the NIF. Every new activity goes through a detailed approval process from the main laser all the way down to smallest alignment lasers. Because of this process, there is no chance that there is a laser used at the NIF that just "pops up" at the last minute. The LSO is notified of all laser procured.
During operation, the NIF is the most energetic laser in the world. This is also when the lowest laser hazard is actually observed. In this mode of operation, NIF will be operated as a Class 1 laser system. The facility employs strict engineering controls along with full facility sweeps prior to a shot to prevent personnel exposure to all potential hazards, including lasers.
Most of the hazardous situations occur during maintenance or system testing. During these phases, there are many systems interacting or causing the interaction of workers with other potentially hazardous situations. In other words, changes in one system may affect another system. Because of the many complexities, NIF is operated under the Configured Systems Management approach. Some of the managed systems of concern are:
• Laser Safety
• Vacuum and Ventilation Systems
These systems are deemed critical in the safe operation of the facility and thus, no changes can be made to any one system until it has been approved by the Configured System Manager(s) of the affected systems. For example, if one were to drill a hole through the target bay wall, this would affect both the Laser Safety and Radiation Shielding Configured Systems. Both of the system managers would have to approve of the work being performed, ensure that the configuration met original specifications, and then would sign off on completion.
This may be foreign to some in the realm of laser safety, as the LSO cannot freely make changes to the level of controls without approval through the Configured System Management System (CSMS). The system includes Process Control, Work Permits, and a Laser Safety Working Group to name a few.
Process Controls currently in place at the NIF include an operating safety plan of more than two hundred pages covering NIF Laser System Installation, Commissioning, and Operation. This document covers the different controls that are required to be in place for various operating and maintenance situations. Laser safety controls include system requirements to be in place to perform different beam path access evolutions.
A Work Permit is used for any task to be conducted at the NIF. The Work Permit will describe the scope of the job, the workers involved, engineering and administrative controls, PPE, and approvals required to name a few. Work permits are critical to ensure the status of the various systems throughout the NIF.
The Laser Safety Working Group (LSWG) includes the LSO, a management representative, and specialists with backgrounds in lasers and optics. The LSWG is used to evaluate modified and new lasers or systems added to the NIF. After review, they determine what controls are to be implemented.
Another control measure not normally found in laser laboratories, but used at the NIF is lock-out-tag-out (LOTO). Most laser laboratories are usually under the control of a single individual or a limited number of persons. This group is knowledgeable of the hazards in the laboratory and these hazards are easily contained or controlled within the space. In the NIF, there are many different people who work on numerous systems. Many of these systems overlap and interact, thereby increasing safety concerns. Strict controls must be put in place. LOTO serves a very important role in this respect.
Finally, the last part is the Safe Plan of Action or SPA Meetings. These are team meetings which are held with the Daily Work Team Leader (DWTL) to inform the workers of hazards that may exist at their work location. The meetings are very important, especially for a large facility with ever changing hazards. It also serves as an opportunity for the DWTL to verify that the correct PPE is used, the workers are fit for work, and workers are able to provide feedback.
There are many lasers in use within the facility that may pose a potential hazard both to the laser worker and to non-laser workers alike. These lasers are part of support systems to the NIF. One of these support systems is the Edge Laser Illumination System. The Edge utilizes a 35 watt, 808nm laser to illuminate final optics for damage verification between shots. The laser radiation is transmitted via fiber optic and has a potential nominal ocular hazard zone, out of the fiber end, of approximately 6.5 meters. This laser also creates an intense thermal load.
When the fibers are fully connected, there is no hazard. A concern exists when a fiber is removed for maintenance and an unsuspecting worker was to access a fiber end, or an optic was removed from the carrier leaving the possibility of open air transmission. Though the Edge laser system is the same as that used in the OMF (described previously), the control of the hazard is different because of continual design improvement of the system from the NIF to the OMF through the ISMS "feedback and improvement" process.
Because of the complexity of the laser system, various methods of protection are being pursued. The most simplistic approach and current control in use is to LOTO the affected Edge laser. At first glance, this may seem like a logical choice, but there are eight Edge lasers each servicing an octet of the target chamber optics. If one were to LOTO one of the Edge lasers, this would prevent any of the 24 affected beamlines from being inspected for damage until the specified maintenance was completed and LOTO cleared. With scheduling of shots being on a strict time frame, this may not be practical.
To make things more complicated, each of the final optic assemblies (FOA) contains six optics requiring inspection. With one spare fiber for each FOA, the total is 168 fiber delivery points for each laser. Delivery is through a computer-controlled switch station located in the same rack as the associated Edge laser.
Another method, which would provide full engineered controls, would be to LOTO and lock out the laser hazard at the end point. The figure below shows a prototype of the LOTO device.
Edge Fiber LOTO Prototype
The device is designed so that when the lever is pulled back and a lock applied, laser radiation is prevented from exiting through the fiber. This LOTO connection is fully enclosed so that if the line was accidentally activated, the laser radiation would be dumped into a carbon block located within the unit. This prototype shows two optical fibers per unit, but the final design will include seven fiber connections.
This is just one example of a how a unique laser hazard in a very large facility can be mitigated, ensuring worker safety. There are many others that have been implemented and many more waiting to be tackled. As we strive to improve those laser safety practices that have worked, just as each of the laser projects described here are working together to foster the "next" big laser breakthrough, we are met with new goals and new challenges.
Scientists at the laboratory are already looking beyond NIF to the next generation of challenges -Laser Inertial-Confinement Fusion-Fission Energy (LIFE). LIFE is a fusion-fission hybrid reactor designed with the idea of clean energy and non-proliferation in mind.
As LIFE evolves, it will present great scientific challenges as well as many laser safety opportunities.
Conclusion
Whether the hazard is in an easily contained space (Mercury Lab, SSHCL, OMF), or in a large facility like the NIF, one must think outside of the box to come up with safe ways to operate high powered lasers and ensure worker safety. There are many avenues to get there, and ANSI Z136.1 provides the LSO with the tools and the latitude to perform this safe and effectively.
